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NORMATIVE DATABASE OF ADULT, UNILATERAL
TRANS-TIBIAL AMPUTEE GATT

ABSTRACT
The purpose of this study was to compile a database of gait characteristics for
adult, unilateral trans-tibial amputees specific to the protocol for the Center o f Human
Kinetic Studies. Subjects were community ambulators with established gait patterns
and had used their current prosthesis for greater than three months. Kinematic,
kinetic, and electromyographic data of the lower extremities were collected and
analyzed using a motion analysis system, force plates, and surface electrodes. Data
were normalized to percent gait cycle and presented as an average of trials taken.
Results of this study were similar to previously published literature. This database of
amputee gait will help researchers and rehabilitation specialists in the rehabilitation
process of amputees.
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KEYWORDS
Alignment; Position of one component relative to another, refers to both angular and
linear positions.
Cadence: The number of steps taken per unit of time (usually measured in steps per
minute).
Components: The various mechanical parts of the prosthetic device, including the
foot, ankle, shank, and socket.
Double Support: The period of the gait cycle when both feet are in
contact with the supporting surface.
Electromyography (EMG): The graphic recording of the electrical activity of a muscle.
Established Gait: An independent walking ability with a prosthesis that has been
evaluated by a certified prosthetist to be optimal for that particular
person.
Force: A push or pull exerted by one material object or substance on another, that
which originates, maintains, or arrests motion.
Force plate: A platform set into the floor that is instrumented to measure the forces
imposed on it.
Gait : Coordinated, repetitive movement of the extremities causing translatory
progression of the body as a whole.
Gait Velocity; The distance walked divided by the time needed to cover the distance.
Ground Reaction Force (GRF): A force (vector) which is equal in magnitude and
opposite in direction to the force that the body applies
to the ground through the foot.
Initial Contact: The phase of gait when the reference limb first makes contact with the
floor.
Inertia: The tendency of an object to resist both initiation and change of linear and
angular motion.
Kinematics: The study of motion, without reference to the forces involved.
Kinetics; The study of the relationship between motion and the forces that cause the
motion.
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Loading Response; The phase o f gait following initial contact, when the reference
limb is accepting weight.
Mid-stance: The phase of gait where the body progresses over a single limb.
Moment: A turning force defined as the product of a force and the force’s
perpendicular distance (moment arm) fi'om any point to the action line of
that force.
Power: The net rate of mechanical energy absorption or generation. For gait analysis
studies, it is defined as the product of joint torque and angular velocity.
Pre-Swing: The phase of gait when rapid unloading of the limb occurs as weight is
transferred onto the contralateral limb.
Residual Limb: The portion of the leg left intact following an amputation.
SACH Foot: Solid Ankle-Cushioned Heel prosthetic foot.
Socket: The part of the prosthetic device that is formed to fit the individual patient’s
residual limb.
Stance Phase: The phase of gait during which one extremity is in contact with the
supporting surface. Composed of initial contact, loading response,
mid-stance, terminal stance.
Step Length: The linear distance between two consecutive points of contact of
opposite extremities during gait.
Stride Length: The linear distance between two consecutive points of contact o f the
same lower extremity during gait.
Swing Phase: The phase of gait during which the reference limb is not in contact with
the supporting surface. Composed of initial swing, mid-swing, and
terminal swing.
Terminal Stance: The phase of gait where the body weight is transferred onto the
forefoot.
Trans-Tibial Amputation: An amputation of the lower limb through the tibia distal to
the medial and lateral malleoli.
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CHAPTER 1
INTRODUCTION
The surgical, rehabilitative, and prosthetic treatment of persons with lower
extremity amputations is a major concern of the United States’ health care system today.
A 1990 survey from the National Center for Health Statistics accounted for 1,232,000
persons with limb amputations in the United States. On the average, 1.5/1000 population
in the United States have undergone an amputation o f the upper or lower extremity
(Torres, 1994).
Approximately 30% of the amputee population in the United States is over the age
of 65. The number of persons vwth amputations is predicted to increase with the growth
o f the elderly population. This increase is related to the higher prevalence of both
arteriosclerosis and diabetes mellitus in the elderly (Torres, 1994).
The primary cause of most amputations is vascular disease, in particular
arteriosclerosis with or without diabetes mellitus or infection ( DeLuccia, DeSouza Pinto,
Guedes, and Albers, 1992; Johnson, Kondziela, and Gottschalk, 1995; Rossi, Doyle, and
Skiimer, 1995). Trauma is the second leading cause of new amputations. The percentage
o f amputations due to trauma is steadily declining, however, because of better medical
and surgical care and improved work safety conditions. Tumors account for
approximately 5% of new amputations. Congenital factors, the most common cause of
amputations in children, are a fourth cause of new amputations (Torres, 1994).
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The studies o f Glattly (1964) and Kay and Newman (1965-67) were among the
first attempts to determine the number of persons with amputations in the United States
and to describe growing trends in the amputee population. Both surveys noted a decrease
in the percentage o f traumatic versus vascular-related amputations, an increase in the
number of amputations performed on females, an increase in the use of prosthetic devices
by elderly persons, and a significant increase in the proportion of trans-tibial to transfemoral amputations performed (Torres, 1994). Esquenazi, Vachranukuklet, Torres, and
Demopoulos (1984), in their seven year retrospective study, supported the trends
identified by Glattly and Kay and Newman. In addition, they found an increase in the
number of persons with bilateral amputations due to an a ^ g population and advanced
medical care.
Prior to 1945, most amputations performed for vascular causes were at the transfemoral level. Currently, more amputations are performed at the trans-tibial level due to
improved medical and surgical techniques and changing perceptions in the medical
community (Torres, 1994). The change to the trans-tibial level has been correlated with
better long-term outcomes and more successful use of prosthetic devices. Waters, Perry,
Antonelli, and Hislop (1976) compared gait velocity and energy cost of prosthetic walking
for patients with amputations above the knee, below the knee, and at the malleolar level.
They reported that the lower levels of amputation resulted in significantly better
ambulation performance and, therefore, recommended that amputations be performed at
the lowest possible level when function is the chief outcome desired. According to Torres
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(1994), preservation o f the knee joint allows for better proprioception and for a more
energy-conservative gait.
Regardless o f the reason for amputation, the primary goal of rehabilitation is
improved function, especially bipedal locomotion (walking). The aim o f rehabilitation is
to provide the amputee with the proper training to walk comfortably and safely without
undue physical or mental effort. Aesthetically, the goal of prosthetic gait training is to
approximate non-amputee gait patterns as closely as possible, with little or no
demonstrable limp.
Functional ambulation, whether in the home or in the community, is important for
the physical and psychological well-being of all persons with amputations. In order to feel
confident in the activities of daily living, persons with lower extremity amputations must
develop the capacity to stand and walk with a prosthesis (Winter and Sienko, 1988).
Regaining functional ambulation with a prosthesis is a highly challenging task;
compensations must be made for decreased joint proprioception, modified motor patterns
of the residual muscles at the hip and knee, and interference with the neurological
feedback systems. In addition, decreased force generation at the ankle during pre-swing
on the prosthetic side and unequal weight bearing over the prosthetic limb contribute to an
asymmetrical gait pattern which leads to an increased metabolic cost of ambulation
(Padula and Friedmann, 1991).
The ability to ambulate with a prosthesis is influenced by factors such as age, cause
and level of amputation, and the number of medical diagnoses of the person with an
amputation. Johnson et al. (1995) reported that the greater the number of medical
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diagnoses, the poorer the quality and functional ability of post-amputation ambulation.
Overall, the shorter the residual limb above the knee, the less likely an amputee will be to
achieve a satisfactory functional outcome with a prosthesis (Shurr and Cook, 1990). Only
45% of trans-femoral amputees over the age of 50, and only 30% of those over the age of
55, are expected to ambulate using an above-knee prosthesis (McCollough, Jennings and
Sarmiento, 1972). A study examining the differences in speed and energy costs of
ambulation between young and old, and between traumatic and vascular amputees, found
that the greatest differences existed between young traumatic amputees and older vascular
amputees (Torbum, Powers, Guiterrez and Perry, 1995). Younger persons with
amputations secondary to traumatic causes were able to walk faster and farther, for a
given net energy cost, than their older counterparts who had amputations due to vascular
causes.
The extent to which age influences ambulatory outcome has not been clearly
determined. Gait analyses of elderly trans-tibial ambulators, when compared to normative
non-amputee data, have shown characteristically slower walking speeds and decreased
stride length (Lemaire, Fisher & Robertson, 1993). It is often assumed that lower scores
on post-amputation mobility measures are directly related to the age of an elderly
amputee. Caution should be used, however, in making this correlation. Lemaire et al.
argued that slower walking speed and decreased stride length could be the result of
differences between traumatic and vascular amputees or of variations in residual stump
length, and may not be directly related to the age of the person.

Gait analysis has been used by researchers in the study of amputee gait to
determine variants o f the amputee gait pattern. Gait analysis, or the systematic study of
human locomotion, takes many forms; these range from subjective observations to highly
technical measurements of the kinematics and kinetics of gait. According to May and
Davis (1974), “Gait analysis is the qualitative and quantitative measurements o f the
translations and rotations o f the various body segments with respect to each other and to
fixed axes in space” (p. 166).
Various methods of gait analysis have evolved over the past century, as
researchers have attempted to quantify gait observation. Beginning in the late 1800’s,
serial photography was used to study the phases of gait. Kinetic studies were made
possible in the 1930’s, with the introduction of the force plate. A progression o f methods
involving videotaping, cinematography and electrogoniometric systems preceded the use
of computerized gait analysis in the laboratory situation (Gage, 1993; Rose, 1983).
Advances in technology have made computerized gait analysis more feasible in the clinical
setting and have led to the growth of clinical gait assessment laboratories.
Computerized gait analysis provides three-dimensional kinematic, kinetic and
dynamic electromyographic (EMG) data of the mechanics of locomotion. The use o f high
speed cameras, reflective markers, muscle electrodes, and force plates allows for the
collection of data not obtainable through other forms of observational gait analysis. Once
the raw motion, force, and EMG data are collected, joint angles, ground reaction forces,
torques, powers, and muscle activity patterns during ambulation can be calculated in an
efiBcient manner via custom computer software.

6

Computerized gait analysis assists in establishing efScient and cost-effective
treatment and in evaluating treatment decisions (Kaufinan, 1993). Gait analysis has been
well established as an objective tool for planning surgical intervention. This is most
evident in the use o f gait analysis for persons with cerebral palsy. Bum and Jacobs (1992)
found that gdt analysis has been strongly advocated as a clinical tool to assist in decision
making and to evaluate post-surgical results of the treatment of persons with cerebral
palsy. Gage (1993) reported that gait analysis has significantly affected the treatment of
cerebral palsy. Specifically, Gage stated that gait analysis assesses individual pre
operative gait pathologies and allows for objective assessment of post-operative surgical
outcomes. Therefore, gait analysis has made it possible for surgical results to be critiqued.
Deluca, Oumpau, Rose and Sirkin (1993) found that the use of three-dimensional
computerized gait analysis as part of the clinical decision making process in patients with
cerebral palsy resulted in overall reductions in surgical recommendations for the majority
o f procedures considered. The results of the study by Deluca et al. suggest that without
three-dimensional gait analysis, traditional assessment techniques may overestimate which
surgical interventions are needed. Gait analysis is projected to play an increasing role in
cutting healthcare costs as a result of reducing unnecessary surgeries.
Computerized gait analysis, in addition to providing information for surgical
decisions, can also function as a guide for planning non-surgical interventions.
Interventions such as pre-sur^cal therapy, recommendations regarding the use of orthotic
or assistive devices, and the establishment o f guidelines for monitoring specific long-term
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changes benefit fi'om the objective data made possible through the use o f computerized
gait analysis (Bum and Jacobs, 1992).
Gait analysis, in the field o f prosthetics, has contributed to the understanding of
biomechanical abnormalities and compensatory strategies of amputee gait. In addition to
providing research information, it is proposed that gait analysis can impact therapy
decision and prosthetic choices, especially in the areas of rehabilitation management and
prosthetic design (Czemiecki and Gitter, 1996).
Many studies of amputee gait have been performed; however, additional threedimensional studies are needed (Hurley, McKenney, Robinson, Zadravec and
Pierrynowski, 1990). The literature reveals a distinct lack o f research involving both
kinematic and kinetic analyses of trans-tibial gait. A normative amputee gait database is
necessary for three-dimensional gait analysis to be useful in making efiBcient treatment
decisions for the trans-tibial amputee population.
The purpose of this study was to assess gait patterns and parameters for adults
with unilateral trans-tibial amputations of vascular or traumatic etiology who had reached
an endpoint in their gait retraining. The results of this study will be used to establish a
database specific to the testing protocols of the Mary Free Bed Hospital and Rehabilitation
Center/Grand Valley State University Center for Human Kinetic Studies. A functional
goal of this study was to determine baseline parameters for amputee gait and identify, if
possible, efifective and quantifiable attributes of “well-established” amputee gait. When
accessible to physicians, physical therapists, and prosthetists, it is believed that this data
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will be clinically useful in the day-to-day decision-making process and treatment of adult
amputees.

C H A PTER !
LITERATURE REVIEW
Bipedal locomotion is a complex integration of neuromotor, muscular, and
skeletal systems. All human beings use a similar process to achieve forward
progression and stability. Each individual, however, has unique structural variations
that contribute to the characteristics of his/her dynamic walking pattern (Padula &
Friedmann, 1991). Following a lower extremity amputation and prosthetic fitting, the
fundamental walking mechanism is altered and the individual ambulation pattern
changes (Leavitt & Zuniga, 1973). The amputee utilizes systemic compensatory
mechanisms to solve the problem of movement and develops individual gait variations
to allow mobility (Padula & Friedmann).
History of Kinematic and Kinetic G alt Analysis
Traditionally gait analysis has been used to define the parameters of normal
human gait, as well as to attempt to determine the fundamental kinematic and kinetic
variations between individuals. Objective kinematic gait analysis dates back to the
nineteenth century, with the advent of serial photography. Kinetics studies were made
possible beginning in 1938 with the introduction of force plates to the gait analysis
laboratory.
Gait analysis laboratories multiplied after World War II in response to an
increase in the number of young, active amputees and the need for a systematic way to
analyze gait for the purpose of designing and evaluating prostheses (Rose, 1983).
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Dr. Vem Inman was a leading pioneer in gait analysis studies for the amputee
population during the 1940s. Inman’s research investigated normal and amputee gait
for the purpose of enhancing the medical and rehabilitative care of amputees (Gage,
1993).
Between 1945 and 1960, gait analyses were performed primarily in the
research laboratory due to equipment and processing constraints. Equipment was
bulky, expensive and imprecise, and calculations had to be performed manually.
Clinical evaluation o f gait was accomplished by observation and/or videotaping. In the
mid-1960’s Drs. Jacquelin Perry and David Sutherland realized the limitations of
observational gait analysis and began to use computerized gait analysis to assist in
their surgical decisions for individuals with neuromuscular disease. This sparked an
increase in gait studies as more sensitive equipment became available and processing
time was shortened via computer analysis.
A goal of amputee gait studies during the 1970’s was to develop a more
thorough understanding of normal gait in an effort to better prescribe treatment for
individuals with lower extremity amputations (Rose, 1983). Researchers in the 1970’s
continued to devise methods of refining gait analysis to achieve efifective and efiBcient
use in the clinic as well as in the research setting. Robinson, Smidt and Arona (1977)
proposed the use of three general gait parameters for the identification of normal and
pathological gait. These were cadence, stride length, and velocity. Robinson et al.
stated that uniform nomenclature was needed to make universal gait analysis practical.
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Practical utilization o f gait analysis in the clinic required a testing system that
had the ability to describe and analyze gait parameters with accuracy, reliability, and
validity. Equipment needed to be small enough to fit into a clinical space, (Brand &
Crowninshield, 1981) yet sensitive enough to detect changes in relevant gait
parameters. It was not until the 1980’s that advances in computer technology made
clinical gait analysis practical (Padula & Friedmann, 1991).
Laughman, Askew, Bleimeyer, and Chao (1984) analyzed several gait analysis
systems and concluded that different patient populations required specific application
o f instrumentation. By tailoring the testing protocol to the specific gait deficits of
each population, impairment-specific normative data banks could be established.
Laughman et al. stated that many simplified analysis systems were now practical for
use in clinical settings; these systems would allow collection of population-specific
information in a relatively inexpensive manner. The increasing time efiSciency and cost
efficiency of analysis methods led to the advent of objective gait analysis in the clinical
setting.
Throughout the 1980’s, researchers continued to design computer software
and equipment for use by clinicians or technicians with minimal engineering or
computer skills. These new systems pro\nded results in a cheaper, faster and simpler
way than the previous systems, and presented the results in a clinically-oriented
manner (Nissan, Davis, & Vaughan, 1988).
Hubbell, Cozean, Stanko, and Pollina (1986) realized the clinical applications
o f the advance in technology and began using computerized gait analysis results in the
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clinic to adjust the swing phase of hydraulic knees. Motion and ground reaction
measurements were used for the immediate analysis of the effects of fine adjustments
to the prosthetic hardware. In this way, the optimum fimction of prosthetic equipment
could be objectively determined.
By 1991, computerized gait analysis using high speed cameras, reflective
targets, force plates, and surface EMG had been well established. These gait
evaluation systems involved either two- or three-dimensional analyses (Padula &
Friedmann, 1991).
Perry (1992) stated that the accuracy of motion recording was dependent on
the number of cameras used. A minimum of two cameras is needed to appropriately
track the body and limbs through space in a plane. By using triangulation
mathematics, the three-dimensional coordinates of each target can be determined.
Generally, a three-camera system is necessary to fully record anterior and rotatory
actions (p.364-366).
To capture movement, computerized motion analysis systems use techniques
that produce digital data fed directly to the computer, minimizing the need for human
intervention. The positions of reflective markers are tracked automatically and their
locations translated into motion data by complex computer software. Surface marker
motion systems allow for the accurate representation of the motion of limb segments,
as well as the identification of joint centers (Perry, 1992, p.366-67).
The reliability of computerized motion analysis was investigated by Kadaba,
Ramakrishnan, Wootten, Gainey, Gorton, and Cochran (1989). These researchers
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verified that kinematic, kinetic and EMG data for normal adults ambulating at a self
selected pace were repeatable between multiple tests run on the same day and between
tests conducted on separate days. Their conclusion, that it may be reasonable to base
clinical decisions on the results of a single gait evaluation, lends support to the
growing use o f computerized motion analysis in diagnosis of gait pathology.
Electromyographic Analysis of Gait
Movement is produced or controlled by muscles via concentric or eccentric
contractions. Knowledge of the muscle activity surrounding a joint may increase the
understanding of the joint forces and angles produced during gait. Electromyographic
(EMG) equipment allows researchers to record muscle activity, and to make
comparisons between firing patterns during normal and pathological gait.
Winter and Yack (1987) studied motor patterns occurring during normal gait.
They found greater activity of the distal musculature relative to the proximal
musculature. The soleus, tibialis anterior and gastrocnemius were found to be the
most active lower extremity muscles during gait. Distal single joint muscles had less
variable EMG patterns compared to proximal single joint muscles, while multi-joint
muscles had the greatest variability of all EMG patterns. Winter and Yack concluded
that a reference of normal EMG activity is a leÿtimate tool to assist in differentiating
between normal and pathological gait.
Kleissen, Hermens, den Exter, deKreek, and Zilvold (1989) disputed the
validity of inter-subject EMG comparisons for diagnosis o f gait disorders due to the
wide variety in EMG activity patterns even among normal subjects. Rather than
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comparing EMG recordings between subjects, t h ^ advocated analysis of EMG
recordings, combined with motion analysis data, of an individual subject performing
various functional activities.
The majority o f EMG research related to walking has been conducted on
subjects without amputations; EMG of residual muscles during amputee gait has been
investigated by only a small number of researchers. Winter and Sienko (1988)
performed EMG analysis of trans-tibial amputee gait and obtained modified motor
patterns fi-om the residual muscles at the hip and knee of the prosthetic extremity. The
researchers suggested these modifications were compensations of the neural system
for asymmetry. The researchers were, however, unable to determine if these modified
motor patterns were optimal for amputee gait.
In his 1994 study, Esquenazi reported that comparison o f amputee and normal
EMG profiles could be beneficial in the identification of deviations of amputee timing
patterns fi-om normal. Transected muscles of the prosthetic limb showed altered
patterns of activity, while intact muscles showed normal control patterns with
compensatory activation. This compensatory activation was postulated to control
gravitational forces in order to produce a smooth and energy efiScient gait pattern.
Characteristics of Amputee Gait
When the normally smooth gait pattern is disrupted due to trans-tibial
amputation, the effects on gait are numerous. Lack o f muscular control and/or
abnormal biomechanical alignment may result in increased energy expenditure, lack of
stability, increased sheer forces at the socket/stump interface, and/or decreased
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velocity of gait. Studies of amputee gait variables have approached these deviations
from a variety of perspectives.
In a 1971 study, Zuniga, Leavitt, Calvert, Canzoneri, and Peterson developed a
protocol using a series o f photoelectric cell beams and foot switches to determine the
temporal aspects of gait in trans-tibial amputees. In this seminal work, the researchers
determined that the duration of walking cycles of amputees demonstrating “good gait"
were similar to those of normal subjects.
In 1977, Robinson et al. performed a study of adult trans-tibial amputee gait.
Subjects displaying greater asymmetry of stance and swing phase duration between the
prosthetic and sound limb walked with greater lateral side bending and had a wider
stance base than those with a more symmetrical gait cycle. Subjects with asymmetrical
gait patterns were determined to have less efScient gait patterns.
Winter and Yack (1987) attempted to identify some o f the trends in motor
patterns and sagittal plane biomechanical factors in trans-tibial amputee gait. They
reported that all amputees, regardless of type o f fitting, displayed hyperactive
concentric hip extensors early in mid-stance, which resulted in above-normal energy
generation at this joint. This above-normal hip extensor activity was contributed to by
the hamstrings. The hamstring activity also resulted in an above-normal knee flexor
moment. However, a net knee moment of near zero was seen during early and midstance because of co-contraction of the quadriceps muscles to compensate for the
excessive activity of the hamstrings.
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Winter and Sienko (1988) concluded that asymmetrical gmt patterns in the
amputee were normal due to the structural, neuromuscular and skeletal asymmetries
present. These researchers stated that “a new non-symmetricai optimal is probably
being sought by the amputee within the constraints of his residual system and the
mechanics o f his prosthesis” (p.366).
According to Lemaire, Fisher and Robertson (1993), common biomechanical
characteristics of amputee gait include an asymmetrical gait pattern and decreased
walking speed. Deviations of amputee gait primarily occurred just after heelstrike and
at push'Off on the sound side. Amputee subjects demonstrated a greater than normal
internal hip extensor moment from early stance to mid-stance, as well as discrepancies
at the ankle during early stance. The internal dorsiflexor moment beginning at
heelstrike continued much longer into stance, while the internal plantarflexor moment
of the prosthetic limb was determined to be 2/3 that of normal magnitude (Winter &
Yack, 1987; Lemaire et al., 1993). Lemaire et al. attributed the discrepancies of
amputee gait to a lack of an ankle moment generator, specifically, lack o f post-tibial
musculature, on the prosthetic limb.
Lemaire et al. (1993) suggested that differences in the average walking velocity
and average stride length in amputees may be attributed to the cause o f amputation
(traumatic or vascular) or to a difference between short-term and long-term prosthetic
users. Lemaire et al.’s study challenged the assumption that differences in walking
velocities and stride lengths were solely a result of age differences, as elderly amputee
subjects in their study demonstrated an average walking velocity and average stride
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length comparable to or above similar results obtained from previous studies on
younger amputees.
Hermodsson, Ekdahl, Persson, and Roxendal (1994) studied the gait
performance of vascular and traumatic trans-tibial amputees, and compared both
groups to normal subjects. They found that the performance of vascular amputees
differed from that of amputees of traumatic etiology. Both amputee groups had
significantly lower walking speeds than their normal counterparts, but the vascular
group walked much slower than the traumatic group. Both traumatic and vascular
groups demonstrated significantly reduced vertical ground reaction forces on the
prosthetic side compared to the sound side. The traumatic amputees generated more
active forces during push-off than the vascular amputees.
Active ankle plantarflexors provide over 80% of the mechanical power
generated during the gait cycle (Colbume, Naumann, Longmuir, & Berbrayer, 1992;
Winter & Sienko, 1988). Colbume et al. reported that, because the amputee does not
have this source of power, he/she compensates at the ipsilateral hip and knee and with
the contralateral limb.
Rossi, Doyle, and Skinner (1995) attempted to characterize gait initiation in
trans-tibial amputees and to determine the effect of prosthetic alignment during gait
initiation. They found that amputees performed gait initiation asymmetrically,
maintaining their weight on the sound side as long as possible. The study also found
the ground reaction forces measured on the prosthetic side were not significantly
altered by prosthetic alignment changes, especially in those subjects with long-
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established gait patterns. Therefore, Rossi et al. advocated that effort should be placed
on training efficient gait patterns early in the rehabilitation process.
In a recent study. Cook, Farrell, Carey, Gibbs, and Weiger (1997) reported
that ground reaction forces were altered when the individual had partial restriction of
knee flexion. Compensatory gait deviations were reflected in the loading rate, peak
force and unloading rate of the vertical ground reaction forces in both the restricted
and unrestricted leg. Walking speed also affected the ground reaction force pattern.
At a faster walking speed, the knee flexed more and quicker movements were
required. The unrestricted leg compensated less at a faster walking speed because the
leg was nearing its fullest capacity for movement.
Czemiecki, Gitter, and Munro (1991) stated that amputees performed less
mechanical work with their prosthetic limb, regardless o f the type of componentry.
Mechanical work was defined by these researchers as the total concentric muscle work
plus the total eccentric muscle work performed at each lower extremity joint during
the stance phase. Total lower extremity work during the stance phase was equal to the
sum o f the mechanical work performed at the hip, knee, and ankle. Average
mechanical work of the prosthetic lower extremity was approximately 50-70% of the
total work performed by a lower extremity of a non-amputee subject. Czemiecki et al.
also found that the distribution of negative work performed at the ankle, knee, and hip
varied significantly fi*om normal. In addition, positive work during stance phase varied
significantly from normal. Total work performed by the hip extensors exceeded the
norm, and the work performed by the knee extensors and prosthesis was negligible.
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The recent advent of “energy-storing” prosthetic feet has increased the interest
in the effects o f various types of prosthetic feet on the biomechanics and metabolic
expenditures of amputee gait. Goh, Tan, Toh and Tay (1993) defined the purpose of
energy-storing feet,

to store energy during stance and release energy as the body

weight progresses forward thus helping to propel the body” (p. 95).
Gitter et al. (1991) conducted a biomechanical analysis o f the influence of
different prosthetic feet on trans-tibial amputee ambulation. The researchers noted that
subjects wearing the solid ankle cushioned heel (SACHQ foot demonstrated decreased
energy generation at push-of^ decreased energy absorption at the knee during the first
half of stance, and increased energy generation by the hip extensors of the prosthetic
limb compared to normal. Subjects wearing an energy-storing foot generated more
energy during push-off on the prosthetic side than with the SACH foot, although this
energy generation was still less than normal. The researchers also found that the ratio
of energy generated during push-off to energy absorbed during mid-stance at the ankle
was 39% for the SACH foot, 71% for the Seattle foot, and 89% for the Flex foot.
Despite these significant efSciency differences at the ankle, however, no significant
differences were found in the pattern or magnitude o f knee and hip power outputs in
the sagittal plane of the prosthetic limb of subjects using the energy-storing feet vs. the
SACH foot. Gitter et al. concluded that the amputee may not be able to appropriately
utilize the increased energy generated by the Flex foot. The researchers also proposed
that increased absorption by the energy-storing foot likely resulted fi-om increased
energy loss elsewhere in the body.
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Goh et al. (1993) investigated quantitative energy characteristics of two types
o f prosthetic feet. As in Gitter et al. (1991), efBcienqr at the ankle was defined as the
ratio o f energy released to energy stored. Their results indicated that the Lambda
foot, an energy-storing foot, stored and released twice as much energy as the SACH
foot. The Lambda foot, however, was still 60% less efiBcient than the normal foot on
the sound side. The efiGciency of the sound limb was generally greater than 100% due
to the additional energy output of the muscles, specifically the triceps surae muscles.
Ehara, Beppu, Nomura, Kunimi, and Takahashi (1993) quantified their study
of energy-storing properties of prosthetic feet with total energy measures (total of
energy stored plus energy released). These researchers justified their use of total
energy measures by stating that increased energy absorption resulted in more shock
absorption and, therefore, the achievement o f a smoother body movement during gait.
Ehara et al. used total work to rank the energy-storing performance of various
prosthetic feet compared to sound and normal feet. A total of fourteen kinds of feet
were ranked into three categories: high total energy feet, medium total energy feet,
and low total energy feet.
Prosthetic Influence and Alignment
Literature suggests that prosthetic alignment is a major influence on gait
characteristics (Leavitt & Zuniga, 1973; Padula & Friedmann, 1991). Vaulting over
the prosthetic side is commonly seen with a prosthesis that is too long; lateral sidebending to the prosthetic side is seen with a prosthesis that is too short. An excessive
swing distance of the prosthetic limb may be caused by a socket that is too loose, a

21

knee unit that is too stif^ or a foot that is in excessive plantarflexion. Medial and
lateral rotation of the stump in the socket may occur from a socket that is too loose,
causing loss o f efiBciency and increased friction between the socket and the skin
(Padula & Friedmann).
In a study of 100 subjects. Summers, Morrison, and Cochran (1987)
determined that achievement of a gait pattern that approaches normality depends on
the effective transference of weight through the stump to the socket, as well as on the
alignment of the prosthetic limb. Foot loading characteristics of amputees versus
normal subjects were studied to determine the individual centers of foot pressure. In
normals, centers of pressure were expected to be symmetrical bilaterally. Results
showed that vertical ground reaction forces were reduced in magnitude on the
prosthetic side. Although some of the force difference was attributed to the lighter
weight o f the prosthetic leg, the difference suggested that the majority of amputees did
not achieve ideal weight bearing. Weight bearing on the sound limb exceeded that on
the prosthetic limb for the lower extremity amputee subjects.
Esquenazi (1994) reported that prosthetic alignment greatly impacted amputee
gait. Alignment controlled the stability of the prosthetic joints and influenced the sheer
forces between the socket and stump. Poor knee alignment in the stance phase may
have caused inappropriate knee flexion with resultant limb instability. As the
prosthetic shank advanced over the foot in mid-stance, excessive forward progression
of the tibia occured. This was referred to as drop-off gât. Drop-off gait usually
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results in delayed heel ofi^ impaired roll-over, and a shortening of the contralateral step
length and swing time.
Role of the Sound Limb
Asymmetrical gait influences the role of the sound limb as well as the
prosthetic limb. Lemaire, Fisher, and Robertson (1993) reported a concentric
dorsiflexion moment occurred just after initial contact in the intact limb. These
researchers concluded that concentric activity of the dorsiflexors may be necessary to
help move the lower extremity into mid-stance, as the prosthetic Umb does not
produce enough moment at push-ofif to accomplish this task. Non-amputee subjects,
according to Lemaire et al., used ankle dorsiflexors eccentrically in the beginning of
stance.
Persons with amputations bear more weight on the sound limb compared to the
prosthetic side (Rossi et al., 1995). Lack of confidence in the limb, poor balance,
pain/discomfort in the stump, decreased proprioceptive feedback, and compensations
for muscle deficiencies on the prosthetic side contribute to reduced weight-bearing on
the prosthetic side (Rossi et al.; Summers et al., 1987).
In addition to decreased loading of the prosthetic limb, a difference in timing of
peak loads also existed. Rossi et al. (1995) documented a delayed loading o f the
prosthetic limb during gait initiation. Studies of the gait of persons with trans-tibial
amputations have revealed a longer stance phase for the sound limb and a shorter
stance phase for the prosthetic limb. An increased step length and faster step time
occur with the sound lower extremity (Robinson et al., 1977).
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The role of the sound limb in trans-tibial gait was evaluated in 1990 in a study
by Hurley et al. (1990). Using a WATSMART four-camera system, the trans-tibial
amputee was found to take longer steps more quickly with the sound limb than with
the prosthetic limb. Hurley et al. also analyzed the joint reaction forces for each
segment of the sound and prosthetic limbs. Lower extremity amputees demonstrated a
significantly lower degree o f limb symmetry than normal subjects, but the forces acting
across the joints of the sound limb were not determined to be significantly higher.
The results o f Lemaire and Fisher’s 1994 study of gait in elderly trans-tibial
amputees contradicted the results o f the earlier study by Hurley et al. (1990). Lemaire
and Fisher found that, for the elderly population, higher vertical knee joint reaction
forces occurred on the sound limb. These researchers concluded that elderly transtibial amputees were at higher risk of developing osteoarthritis secondary to the larger
forces acting on the sound extremity.
Conclusion

The trend of amputee gait analysis has been to determine variations of the
amputee gait pattern as compared to normal. More data is needed to fiilly explain and
understand trans-tibial amputee gait. A baseline for “normal” amputee parameters
could assist medical, prosthetic, and rehabilitation personnel in the gait instruction of a
person vnth an amputation. The purpose of this study was to establish a baseline of
kinematic and kinetic patterns and parameters, specific to the protocol of the Center
for Human Kinetic Studies, for adults with unilateral trans-tibial amputations who had
obtained an endpoint in their gait retraining. It is hoped that this information will
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identify key parameters that wUl be useful as standards to help in the adjustment of
prosthetics and in the rehabilitation of the individual following a trans-tibial
amputation.

CHAPTERS
METHODOLOGY
This study analyzed gait patterns and parameters of adults with unilateral transtibial amputations who had successfully completed their rehabilitation and were
independent community ambulators. Three-dimensional (3-D) gait analysis data were
collected at the Center for Human Kinetic Studies (CHKS). The CHKS is a joint venture
between Mary Free Bed Hospital and Rehabilitation Center and Grand Vall^r State
University.
Kinetic, kinematic and surface electromyographic (EMG) data collected during this
gait study were compiled to establish a database specific to the CHKS’ testing and
processing protocols. These data were used to determine objective parameters of the
unilateral, trans-tibial amputee gait pattern following rehabilitation. The use of a
numbering system maintained the confidentiality of individuals participating in this study.
Subjects
Six subjects with unilateral trans-tibial amputations of either vascular or traumatic
origin participated in this study. Subject ages ranged fi-om 25 to 72 years, with a mean
age o f 49.2 years. All subjects met the inclusion criteria (Appendix A) as determined
fi-om the medical history questionnaire and clinical examination. Subjects were selected by
a sample of convenience. Certified prosthetists fi*om the Grand Rapids, Michigan area
referred all subjects. All subjects in this study were at least six months post-amputation
and had used their current prosthetic device for three months or longer. Subjects were
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free of acute cardiac or respiratoiy conditions which would impact their normal gait
pattern. The residual limb was free of pain, swelling or pressure sores. The sound limb
was free of arthritis, skin breakdown and pain. Range of motion (ROM) at the hip, knee
and ankle o f the sound limb was within normal limits. In addition, a certified prosthetist or
licensed physical therapist stated that the subject had an established end point gait pattern
with the current prosthesis and was no longer in need of gait training.
Procedures
Each subject was asked to spend approximately four hours participating in a oneday trial in the CHKS lab. Prior to participation, the subject received a written
explanation o f the study (Appendix B), a description of the laboratory procedure, and a
copy of the inclusion criteria. Before the subject arrived for the test, the cameras used in
the data collection process were calibrated to the length, width and height of the testing
volume. The testing volume, which the subject would walk through during the data
collection, was determined according to the manufacturer's protocol based on average
adult male height and stride length. The total testing volume was 2m x Im x Im.
Cameras were placed back from each comer o f the testing volume and angled downward
in a position from which they could capture each target on the subject as the subject
walked through the testing volume (Figure 3-1). A rigid grid system with reflective
targets was used to perform calibration. The testing grid was positioned within the testing
volume. The dimensions of the grid represented the estimated stride length and pelvic
crest height of the subjects. Calibration defined the position and orientation of each
camera relative to the other cameras and to the testing volume. Calibration also defined
the position and orientation of the laboratory’s X, Y, and Z coordinate system. The
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laboratory coordinate system was defined with X being in the anterior/posterior direction,
Y being in the vertical direction, and Z being in the transverse direction (Figure 3.1).

Direction of Travel

s i* r l
III R

i

Figure 3.1 Diagram of testing set-up. Calibrated space (black outline), forceplate
position (shaded rectangles), and camera positions shown.

Upon arrival at the CHKS, the subject was given a brief orientation to the
laboratory and to the equipment used. The subject was asked to sign a consent form
(Appendix C) and complete a brief medical questionnaire (Appendix D). Next, the subject
was asked to practice walldng through the testing area at a natural walking speed.
Practice walking allowed the subject to become comfortable with the laboratory setup; in
addition, researchers could observe stride length and estimate the placement of the force
plates. The force plates were adjusted to accommodate each subject’s stride length.
Initial contact and stance phases were registered on the first force plate and second initial
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contact on the second force plate. The origin of the force plate coordinate system was
then defined in relation to the laboratory reference system. The force plate coordinate
system was used to reference the position of the center o f pressure as well as the direction
o f the ground reaction forces.
A clinical examination was performed to determine the subject's weight, height,
lower extremity strength, joint ROM, and residual stump length (Appendix E).
Anthropometric measurements were taken of the lower extremities, per the CHKS
protocol. The weight of the prosthetic leg was measured and recorded in kilograms. The
clinical examination was administered by a student physical therapist and supervised by a
licensed physical therapist.
Following the examination, the procedure for placing the EMG electrodes and the
retro-reflective targets was explained to the subject. The EMG electrodes were first
applied to the sound side. Four specific areas of the subject’s skin were prepared by
removing the hair with an electric razor and cleaning the skin with rubbing alcohol.
Preparation o f the skin was needed to increase electrode contact and decrease background
noise. Electrodes were placed by a student physical therapist in a bipolar arrangement
parallel to the underlying muscle fibers. Placement of the surface EMG electrodes were
on the skin overlying specific motor points of the muscles tested (Warfel, 1993). Muscles
targeted were the rectus femoris, medial and lateral hamstrings and gluteus maximus. The
EMG leads were attached to the electrodes and covered with Microfoam^ tape to
decrease electrode lead movement. Excess cable was taped to the skin using hypo-

^ 3M Healthcare St. Paul, MN
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allergenic tape. Leads were attached to a portable EMG unit which was strapped on the
subject’s back.
Subjects stood for the placement o f the retro-reflective targets which were
attached over the right and left anterior superior iliac spines (ASIS), spinous process of
82, lateral femoral condyle, proximal, distal and posterior shank, calcaneus, posterior to
the head of the first metatarsal, and posterior to the head of the fifth metatarsal. A
targeting wand was attached to the mid-thigh with rubber straps (see Figure 3.2). Targets
were attached to their respective landmarks using double-sided hypoallergenic tape. The
position of each target was marked on the skin with a pen to insure accurate replacement
if the target should fall oflTduring testing.

Figure 3.2 Illustration of Targeting Protocol

After EMG electrode and target placement, the subject was then asked to practice
walking through the testing area. Once the subject was comfortable with the equipment,
kinematic, kinetic and EMG data collection began.
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The subject was asked to walk at a normal walking speed through the testing area.
Data was collected and saved for five “successful” trials. Trials were considered
“successful” when at least one full gait cycle had been captured by the BTS Elite motion
analysis system and the subject stepped cleanly onto the force plates. Â clean step
occurred when the first force plate registered initial contact and stance of the targeted
lower extremity and the second force plate registered the next initial contact of the same
foot. The foot o f the non-targeted leg could not register on either of the force plates
during a successful trial. At least one trial was tracked with the computer to verify that
the cameras were detecting all of the targets as the subject walked. After the five walking
trials had been completed, a static standing trial was collected.
During the static standing trial, the subject stood near the center of the calibration
volume with targets placed at the following anatomical locations: right and left ASIS’;
spinous process o f S2; lateral mid-thigh wand, medial and lateral condyles; proximal, distal
and posterior shank; and the medial and lateral malleoli. Approximately two seconds of
video data were collected as the subject stood in the calibration space. The static standing
trial provided target locations that were used later to determine the joint centers for the
knee and ankle, based on the coordinate systems of the thigh and shank. After the static
standing trial was collected and tracked, the EMG electrode and targeting placement and
the testing procedures were performed for the contralateral side, following the protocol
outlined above. After data were collected for both sound and prosthetic sides, the subject
walked through the testing area six times with targets only on the calcaneus and forefoot
for both feet. These final walking trials allowed for the collection of temporal and spatial
gait parameter data.
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Instrumentation
Motion system
Motion analysis data were obtained using a Bioengineering Technology and
Systems (BTS)^ Elite Motion measurement system. This system allowed recording of
kinematic data for each subject from four high-speed, solid state pixel perfect cameras.
Each camera had a mechanical shutter speed of 100 Hz and an accuracy of 2 mm. These
cameras recognized, in real time, retro-reflective targets placed at specific anatomical
locations on the pelvis and lower extremities of each subject. Light emitting diodes
encircling each of the cameras' lenses projected infl-ared light in the direction of the
moving subject. The attached targets were composed of small spheres covered by 3M
Scotchlite^ Brand High Grain 7610 retroreflective sheeting which reflected the infrared
light back to the cameras. The cameras recognized only reflections of infrared light. The
cameras recorded the two-dimensional position of the targets as the subject walked
through the previously calibrated space. When two or more cameras recognized the same
target, the BTS Elite Motion Analyzer combined the signals and formed a threedimensional location of the target in the calibrated space. The process of creating threedimensional positions from two-dimensional locations was accomplished by direct linear
transformation (DLT) (Figure 3.3). This was accomplished with Elite system software,
which mathematically triangulates the true positions of the targets with an accuracy of 2
mm.

^ BTS. Bioengineering Technology Systems, Milan, Italy.
^ 3M Medical Devices, St. Paul MN
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DIRECT LINEAR TRANSFORMATION
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Figure 3-3. Illustration o f Direct Linear Transformation. A process
o f establishing three-dimensional coordinates from
two-dimensional projections.
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Customized software used positional data from three non-coUinear targets per
body segment to determine local coordinate systems for the pelvis, thigh, shank and foot.
The standing file was used to identify additional target locations (medial condyle and
medial and lateral malleoli) and to calculate those targets’ postitions relative to their
adjacent local coordinate system. Dynamic and standing file target locations and
calculated joint centers were used to calculate local coordinate systems which were
aligned with the body segments. The cross-products of two adjacent local coordinate
systems were used to determine the joint coordinate system for the corresponding joint,
which allowed three-dimensional joint angles between body segments to be computed.
Knee and ankle joint centers were calculated using the methods of Grood and Suntay
(1983). Hip joint center was calculated using pelvic geometry (pelvic height, width, and
depth measurements), based on the method described by Seidel, Marchinda, Dijkers, and
Soutas-Little (1995).
Force plates
Two Advanced Medical Technology, Inc. (AMTI)** force plates mounted flush to
the floor and covered with carpeting were used to measure foot-to-floor applied forces
and moments. The subject was unaware of the force plates' positions in the calibrated
space. The larger plate was an AMTILG6-4 (FP2), and the smaller plate was an AMTI
OR6-5 (FPl). FPl captured the initial contact and stance phase, and was positioned to
allow the second initial contact to occur on FP2.
Each force plate monitored the three-dimensional orthogonal force and moment
components using foil strain gauges attached to load cells at the four comers o f the plate.

* AMTI. Advanced Medical Technology, Inc. Newton, MA.
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Once the force was detected by the force plate, the signal was amplified with a gain of
4000 by the AMTI SGA6-4 conditioner/amplifier and filtered for clarity. All force plate
data was sampled at 500 Hz and the data was synchronized with the BTS motion
acquisition system.
Electromyography
The BTS TELEMG* multichannel electromyograph was used to collect data fi-om
surface electrodes placed over specific locations on key muscles of ambulation. These
electrodes were 11 mm in diameter and were constructed of silver/silver chloride. Pairs of
electrodes were placed in a bipolar arrangement with the discs spaced approximately 30
mm fi-om center to center, parallel to the underlying muscle fiber direction. Signals fi-om
the electrodes were collected at 500 Hz by the 905 Transmitter Unit (portable patient unit)
that was strapped to the subject's back during the trials.
The BTS TELEMG system was capable o f collecting data fi-om up to eight
channels per test. Signals were high pass filtered at 1 Hz, low pass filtered at 800 Hz, and
amplified with a gain of 100 before transmission to the computer. The filtering removed
environmental noise fi-om the computer systems, electrical line, and overhead lights, as
well as reduced the chance of cross-talk fi-om non-tested muscle groups. After filtration,
the signal was A/D converted and serially formatted for transmission through the 100
micron optical fiber to the basic unit. Once the signal was received at the basic unit, it was
decoded and D/A converted. Signals were again amplified, with a gain of 10, notchfiltered at 60 Hz, high pass filtered at 10 Hz, and low pass filtered at 400 Hz to remove
background noise.
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Data Analysis
The BTS system and customized software allowed the calculation of the threedimensional joint angles (degrees), ground reaction forces in percent body weight (%BW),
applied joint torques (N*m/kg), joint power (W/kg) and joint woric (J/kg). Joint angle
data were presented relative to percent gait cycle. Ground reaction forces, applied joint
moments and powers were presented relative to stance time. The data were presented as
the average of all the successful gait trials processed.
Torques were determined for the stance phase o f the gait cycle. The center of
pressure, which was the position of the ground reaction force vector on the foot, joint
center and position o f the center of the force plate allowed calculation o f joint torque. A
quasi-static analysis was used to determine joint torque. Inertial and gravitational forces
were not taken into consideration during the calculation o f torque for this study.
Power was defined as the rate of doing work. During gait, joint power occurs
primarily in the sagittal plane. For purposes o f this study, sagittal power was calculated as
a product of sagittal plane angular velocity and sagittal plane moments.
Work was computed according to the formula W„j= /Pmdt, where Wn,j=muscle
work and ?n,=instantaneous joint power output. Negative work was defined as the energy
absorption by eccentric muscle contraction, and positive work was defined as the energy
generation by concentric muscle contraction. On a graph, work was the area under the
power curve. The eflSciency at each joint was defined as the ratio of energy generation
relative to energy absorption occurring at that joint during gait On this study, during
stance phase alone). Efficiency was calculated per the method outlined by Goh et al.
(1993).
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The following data were specifically analyzed: sa^ttal plane hip, knee and ankle
ranges in degrees; maximal deceleration and acceleration vertical forces (% body weight);
maximum braking and propulsive anterior/posterior forces (% body weight); magnitudes
(Nm/kg) and relative timing (% stance time) of minimum and maximum hip, knee, and
ankle torques; magnitudes (Watts/kg) and relative timing (% stance time) of minimum and
maximum hip, knee and ankle powers; and the ratio of positive to negative energy at the
hip, knee and ankle. EMG recordings were converted to percent gait cycle and described
qualitatively.
Data for normal subjects were collected fi'om a separate study which followed the
targeting and processing protocols of the CHKS, and analyzed using the methods
established for this study.
The following temporal and spatial gait parameters were determined: first and
second double support, single limb support, and stance and swing time, all described by
percent of gait cycle (%GC), gait cycle time (sec), stride length (cm), velocity (cm/sec),
cadence (steps/min) and step width (cm). Normal values of gait parameters were not
computed fi-om CHKS protocol, but were taken firom literature.
Statistical Analysis
Individual trial data were processed into kinematic, kinetic and EMG files.
Kinematic and EMG data were normalized to percent gait cycle for each subject. Kinetic
data were normalized to percent stance time and percent body weight for each subject.
Individual trials for each subject were edited to remove incorrectly tracked data fiâmes. A
cubic spline program was then used to process intra-subject data in order to create
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discrete value points at each one percent of the gait cycle for each data file. The splining
process allowed comparison of two or more individual trials at each percentage point.
Kinematic data fi-om intra-subject trials were averaged at each percent gait <ycle.
Kinetic and force data fi-om intra-subject trials were averaged at each percent stance time.
The intra-subject data were then condensed by sagittal, fi-ontal and transverse planes for
each joint, using a merging procedure. The inter-subject averages and standard deviations
were calculated and the percent stance kinetic data were computed into percent gait cycle.
CoefiBcients of variation for the kinetic, kinematic and force data collected at each
joint were calculated for each subject walking trial, as well as for the combined inter
subject averaged trials. According to Winter (1991, p.9), the coefiGcient o f variation
expressed the variation to signal ratio at each point (every 1% of the gait cycle) on the
curve and describes the stride variability. CoefiBcients of variation were calculated per the
method described by Winter using the following formula:

cv=

nZk
i=l
where:
n

was the number of intervals analyzed (in this study, n = 101, as each
percentage of the gait cycle (fi-om 0% to 100%) represented one interval)

Xi

was the mean value of the kinematic data points, at each i**" interval, for all
trials

CT|^

was the variance fi-om the mean value of the kinematic
data points, at each i* interval, for all trials
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The Wilcoxon Signed-Ranks Test and the 2-Tailed Student T-Test were used to
compare the differences between gait parameter findings for the prosthetic limb, the sound
limb and the normal limb groups. Level of significance for the Wilcoxon Signed-Ranks
Test was set at p=.06. The Wilcoxon Signed-Ranks test is a nonparametric test that can
be used for ordinal data and sample populations for which normality and homogeneity of
variance cannot be assumed. Because most pathological conditions are represented by
skewed distributions, the Wilcoxon Signed-Ranks test was chosen (Portn^ and Watkins,
1993, p. 427).
The Wilcoxon Signed-Ranks test was not used on the kinematic or kinetic data
due to the small number of subjects (n=6). Statistical significance could not be
determined, however trends were described qualitatively.

CHAPTER 4
RESULTS
Six male unilateral trans-tibial amputees volunteered for this study. They ranged in
age from 25-72 years old, with a mean age of 49.2 years. The cause of amputation was
traumatic in origin for five subjects and vascular for one subject. Length of time after the
amputation ranged from 6 months to 53 years, with a mean of 18.3 years. Three subjects
were right sided amputees and three were left. Demographic data is described in Table
4.1.
Table 4.1 Demographics for amputee subject group
Subject
1
2
3
4
5
6
Mean

Age
(years)
31
67
44
25
55
72
49.2

Height
(inches)
71.5
65.0
78.0
77.0
73.0
69.0
72.3

Length of time
since amputation
2 years
53 years
17 years
6 months
18 years
19 years
18.3 years

Type of Prosthetic Foot
Safe-2 (dynamic)
Safe-2 (dynamic)
Safe-2 (dynamic)
Safe-2 (dynamic)
Autobach (dynamic)
Springrite (dynamic)

Data collected from six male subjects in a separate study on normal gait was
analyzed to determine normative values for comparison with the amputee data. Normal
subject kinematic and kinetic data were collected using the same protocol used for
collecting the amputee data. The age range for normal subjects was 21-31 years, with a
mean age of 26.7 years. Demographic data is described in Table 4.2.
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Table 4.2 Demographics for normal subject group
Subject
1
2
3
4
5
6
Mean

Age (years)
30
25
26
21
31
17
26.7

Height (inches)
73.0
72.5
67.5
69.0
68.0
71.5
70.3

Descriptions of data were divided into normal and amputee groups with the
amputee group further subdivided in prosthetic limb and sound limb groups.
Results are summarized for the critical events occurring at each joint during the
phases of the gait cycle. Ranchos Los Amigos (1996) has divided the gait cycle into eight
phases: initial contact, loading response, mid-stance, terminal stance, pre-swing, initial
swing, mid-swing, and terminal swing.
Kinematics
Sagittal plane hip, knee and ankle joint angles for the prosthetic, sound and normal
limbs were normalized to percent of gait cycle to allow for comparisons between the three
groups. Representative graphs, including standard deviations and coefficients of variation,
are presented.
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Sagittal plane joint angles for the hip are displayed in Graph 4.1
(+)flcxion/(-)cxtension
N o rm a l G ro u p

Sound Umb

P r o s t h e t i c L im b

MA
iSA
-UA
•aA
-a.B

%
cv=325(
»

O

H

to

1B.B•10.B-2B.&

s

V cnxr CYO-S

>MW»C8I

I SD

Graph 4.1 Sagittal plane joint angles for hip, displayed in % gait cycle.

At initial contact, the hip on the prosthetic side was in a position of greater flexion
(34.7° ± 5.0°) than either the sound limb (32.3° ± 2.5°) or normal limb (28.0° ± 2.4°) hips.
The prosthetic limb hip began extending immediately after initial contact while the normal
and sound limb hips began extension in late loading response. In mid-stance the prosthetic
limb hip achieved neutral and entered extension earlier than the normal limb and sound
limb hips. Maximum hip extension occurred during terminal stance in all three conditions;
however, the prosthetic limb hip showed the least extension at 6.3° ± 6.0°. The sound
limb hip had 8.0° ± 4.0° of extension while the greatest hip extension was 11.7° ± 4.2° in
the normal limb hip. Hip flexion began in pre-swing and peaked during mid-swing. The
prosthetic group had the greatest hip flexion at 35.3° ± 5.0° while the sound and normal
groups showed 32.6° ± 1.9° and 30.1° ± 1.9°, respectively, of hip flexion.
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Total hip range of motion during one stride measured 41.6“ in the prosthetic
group, 40.6® in the sound group and 41.7® in the normal group.
Knee
Sagittal plane angles for the knee are displayed in Graph 4.2.
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Graph 4.2 Sagittal plane joint angles for the knee, displayed in % gait cycle.

The prosthetic limb made initial contact with the knee positioned in 2.6® ± 2.2°of
flexion, compared to 7.4® ± 3.2° in the sound limb knee and 8.5° ± 1.9° in the normal limb
knee. Loading response knee flexion on the prosthetic limb was noticeably less (11.1° ±
4.7°) than the sound limb knee (22.1® ± 3.6®) and the normal limb knee (20.5® ± 2.2®).
From mid-stance through terminal stance the knee approached fiill extension in all three
conditions. Rapid knee flexion then occurred in pre-swing in preparation for swing phase.
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Peak prosthetic knee flexion during swing was 1.9° greater than the sound limb knee
flexion and 2.8° greater than the normal limb knee flexion.
Total range of motion for the knee was 62.3° for the prosthetic group, 58.4° for
the sound group and 57.9° for the normal group.
Ankle
Sagittal plane joint angles for the ankle are displayed below in Graph 4.3.
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Graph 4.3 Sagittal plane joint angles for the ankle, displayed in % gait cycle.

After initial contact a rapid plantarflexion occurred at the ankle. The prosthetic
limb’s peak plantarflexion (4.0° ± 2.9°) occurred at 9% of the gait cycle while the sound
limbs’ (4.0° ± 5.2°) occurred at 6% and the normal limbs’ (4.0° ± 2.1°) occurred at 4 %.
The ankle then dorsiflexed through mid-stance and terminal stance. Peak dorsiflexion
occurred in terminal stance. Both the prosthetic limb (15.1° ± 5.7°) and sound limb (15.2°
± 3.6°) ankles dorsiflexed more than the normal limb ankle (11.8° ± 1.6°). During pre
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swing, plantarflexion occurred in all three conditions. The sound limb ankle plantarflexed
to 17.3® ± 6.2°, the normal limb ankle plantarflexed to 13.0° ± 6.3° while the prosthetic
limb ankle stopped plantarflexing at 2.5° ± 1.8° of dorsiflexion.
The total range of motion for the ankle was 19.2° for the prosthetic limb, 32.5° for
the sound limb and 24.9° for the normal limb.
Force
Force data were normalized to percent body weight and presented in percent
stance to allow comparison between subjects. There were three components to the
ground reaction force vector: vertical, anterior/posterior, and medial/lateral.
Medial/lateral forces were not analyzed in this study due to the lack of medial/lateral
control exhibited by the prosthetic ankle.
Vertical forces (% bodv weight'!
The vertical force patterns varied between the three conditions and are shown in
Graph 4.4 and Table 4.3. The prosthetic limb pattern demonstrated a lack of defined
deceleration and acceleration peaks. Maximum deceleration force occurred later in stance
for the prosthetic limb, indicating a slower acceptance of weight. In addition, the duration
of the deceleration force (loading) was longer in the prosthetic group and the acceleration
peak (unloading) occurred earlier in the stance phase than when compared to the sound
and normal groups.
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Table 4.3 Summary of vertical torce data in % body weight.

Normal Group
Prosthetic Limb
Sound Limb

deceleration (%bw)
109.6 ±5.4
98.3 ±6.1
106.4 ± 4.3

mid-stance (%bw)
73.6 ±2.3
88.3 ±1.6
85.4 ±1.4

acceleration (%bw)
109.9 ±4.5
97.7 ± 5.0
107.1 ±7.8

Propulsion/Braking f% bodv weight"!
The overall pattern for braking and propulsion was similar in all three conditions,
and are shown in Table 4.4 and Graph 4.5. The braking and propulsion forces for the
prosthetic limb were approximately half as great as those of the normal limb and
diminished in comparison to the sound limb. The prosthetic limb showed delayed braking,
delayed cross-over from braking to propulsion, and an earlier propulsion peak than the
sound and normal limbs. These trends indicated a decreased time of weight bearing on the
prosthetic limb.

Table 4.4 Braking/Propulsion forces in % body weight, cross-over time in % stance.

Normal group
Prosthetic Limb
Sound Limb

Braking
(% bw)
16.5 ±3.2
8.1 ±2.4
12.3 ± 1.2

Cross over time
(% stance)
51%
51%
46%

Propulsion
(% bw)
20.6 ± 2.8
11.5±1.2
19.0 ± 2.7

Torques
In percent gait cycle, comparisons between groups could not be made since the
stance time was prolonged in the prosthetic group when compared to the normals.
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Therefore, torques (Nm/kg) were presented in percent stance to allow comparison
between the three groups studied.
Hifi
The hip flexion torque peak (see Graph 4.6) for all three conditions occurred
during loading response. The prosthetic limb hip flexion torque peak was .68 ± .10
Nm/kg and occurred at 15% of the stance phase. The sound limb hip flexion torque peak
was .57 ± .14 Nm/kg and occurred at 7% of the stance phase. The normal limb hip flexion
torque peak was .61 ± .08 Nm/kg and occurred at 4% of the stance phase. The prosthetic
limb hip flexion torque peaked significantly later in loading response compared to both the
sound and normal limbs.
The prosthetic limb hip extension torque peak reached .76 ± .29 Nm/kg, and
occurred at 78% o f the stance phase. The sound limb hip extension torque extension peak
was .79 ± . 10 Nm/kg at 78% of the stance phase. The normal limb hip torque extension
peak was .93 ± .14 Nm/kg at 74% of stance phase. All three extension torque peaks
occurred later in terminal stance.
Knee
As evident in the Graph 4.7, all three conditions followed similar patterns, with
alternating extension peaks and flexion peaks throughout the stance phase.
The initial knee extension torque for all three conditions occurred during loading
response. However, the extension torque occurred at 5-6% of the stance phase for the
prosthetic limb compared to 3% for both the sound and normal limbs. The magnitude of
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the normal limb knee extension torque had a value of .13 ± .07 Nm/kg compared to the
prosthetic limb's value of .17 ± .07 Nm/kg and the sound limb’s value of .22 ± .06 Nm/kg.
A flexion torque peaked in mid-stance for all three conditions. The prosthetic limb
knee flexion torque had a significantly reduced peak value of .23 ± .20 Nm/kg compared
to the sound limb peak value of .82 ±.19 Nm/kg and the normal limb peak value of .88 ±
.01 Nm/kg. The prosthetic limb knee flexion torque peaked later in the stance phase
(24%) compared to when the sound and normal limbs peaked (20%).
The cross-over from flexion to extension torque occurred later in mid-stance for
the prosthetic limb torque compared to the sound and normal limbs.
Ankle
For all three conditions, a plantarflexion torque was generated in loading response.
The prosthetic limb plantarflexion torque, however, peaked later in loading response
compared to the other two conditions. Ankle torque patterns for all three conditions
showed an increasing dorsiflexion torque which peaked in mid-stance (see Graph 4.8).
The magnitude of the maximum prosthetic dorsiflexion torque (1.24 ± .16 Nm/kg) was
less than the normal (1.55 ± .09 Nm/kg) and the sound limb (1.57 ± .22 Nm/kg) values.
Power
Power, defined as the rate at which work was done, was measured in W/kg.
HiE
A triphasic pattern of power output was seen at the hip. A generation phase was
initiated in loading response, followed by an absorption phase in terminal stance, and then
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another generation phase in pre-swing (see Graph 4.9). The prosthetic limb hip had a
peak power generation (.80 ± .17 W/kg) in early stance which exceeded both the sound
(.43 ± .27 W/kg) and normal (.26 ± .07 W/kg) peak generation values. The duration of
the prosthetic limb hip power generation in early stance also exceeded the duration of the
sound and normal limb hips.
Knee
The knee power output pattern of the prosthetic limb varied significantly firom that
o f the normal and sound limbs. In early loading response an absorption phase occurred
just after initial contact, which was immediately followed by a generation phase in the
sound and normal conditions (see Graph 4.10). The sound condition showed a decreased
magnitude of .59 ± .28 W/kg during the absorption phase when compared to the normal
condition value of .77 ±.29 W/kg. The prosthetic limb showed greatly reduced absorption
(.11 ± .08 W/kg) compared to both the sound and normal conditions. The generation
phase took place in mid-stance with the sound limb peaking at .53 ± .15 W/kg and the
normal limb peaking at .76 ± .28 W/kg. During mid-stance the prosthetic limb generated
little power with a peak value of .03 ± .09 W/kg.
In pre-swing a consistent absorption period was seen in all three conditions. The
prosthetic limb showed less absorption than the normal or sound limb, and the sound limb
showed less absorption than the normal condition.
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Ankle
Two major power phases were consistently present in all three conditions and are
shown in Graph 4.11. A long-duration absorption phase was present from mid to terminal
stance, followed by a large power generation peak in pre-swing. The generation peak was
remarkably smaller in the prosthetic group (1.0 ± .29 W/kg) compared to the sound group
(4.0 ± .66 W/kg).
Work
Work (J) was defined as the area under the power curve on a graph. The positive
work, negative work, total work, and percent efiBciency for each joint are presented in
Table 4.5. Negative work reflects an absorption of energy, positive work reflects a
generation of energy, and percent efficiency is the ratio of energy generated to energy
absorbed.
The normal limb showed greater energy absorption (0.149 J) at the hip than the
sound (0.103 J) or prosthetic (0.096 J) limb. Conversely, the energy generation of the
prosthetic limb hip (0.284 J) exceeded that of both sound limb (0.215 J) and normal limb
(0.142 J) hips. The percent efficiency of the prosthetic limb hip (475%) was over four
times greater than that of the normal limb (106%), reflecting the increased energy
generation and decreased energy absorption occurring at the prosthetic limb hip. The
sound limb hip also showed increased energy generation and decreased energy absorption
compared to the normal limb hip. The percent efficiency of the sound limb hip (228%)
was over twice that of the normal limb hip.
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Table 4.5 Work in the Sagittal Plane displayed in Joules. Al: Negative work, A2:
Positive work, % efBciency (A2/A1), Total Work (|A1|+|A2|)
Hip
Subject Group
Normal
Prosthetic Limb
Sound Limb

Al
0.1491
0.0964
0.1034

A2
0.1417
0.2838
0.2149

% EfiBciency
106.0
474.6
228.4

Total Work
0.2908
0.3802
0.3183

Al
0.3249
0.2928
0.3249

A2
0.1526
0.0892
0.1174

% EflBciency
80.08
11.16
36.27

Total Work
0.4749
0.3203
0.4423

Al
0.1154
0.224
0.1982

A2
0.4794
0.1338
0.4972

% EfiBciency
486.9
60.17
288.5

Total Work
0.5948
0.3568
0.6954

Knee
Subject Group
Normal
Prosthetic Limb
Sound Limb
Ankle
Subject Group
Normal
Prosthetic Limb
Sound Limb
Total work
Subject Group
Normal
Prosthetic Limb
Sound Limb

Total Al
0.5894
0.6132
0.6265

Total A2
0.7737
0.5068
0.8295

Total Work
1.360
1.057
1.456
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Generation of energy at the knee was greatest in the normal group (0.153 J).
Absorption of energy at the knee was equal in both the sound and normal groups (0.325
J). The prosthetic knee absorbed (0.293 J) and generated (0.089 J) less energy than the
sound limb and the normal limb knees. The percent eflBciency was significantly reduced at
the prosthetic limb knee (11.2%) compared to normal limb knee (80.1%). The sound limb
knee also showed a reduced percent efiBciency (36.3%) compared to normal.
At the ankle, the sound limb’s generation of energy (.497) exceeded that of both
the normal (.479) and prosthetic (.134) limbs. Absorption o f energy was greatest for the
prosthetic limb (.224), followed by energy absorption of the sound limb (.198) and the
normal limb (.115). Percent efiBciency of the normal limb (487%) was significantly greater
than the efiBciency of the sound (289%) and prosthetic limbs (60%).
Electromyographic Activity
The electromyographic activity of five of the six prosthetic subjects showed a
slight trend toward prolonged hamstring activity fi’om initial contact into mid-stance. A
representative depiction of EMG is displayed in Graph 4.12. In particular, the duration of
medial hamstring activity appeared longer than that of the other muscles.
Gait Parameters
The prosthetic and sound limb gait parameter data were compared to each other
and to normal values taken fi’om literature. Data is presented on Table 4.6.
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Table 4.6 Gait Parameters
Gait Parameters
1st Double Support (% GC)
Single Limb Stance (% GC)
Second Double Support
(%GC)
Stance (%GC)
Swing (%GC)
Gait Cycle Time (sec)
Step Length (cm)
Stride Length (cm)
Step Width (cm)
Cadence (steps/min)
Velocity (cm/sec)

Prosthetic
Limb
14.9
33.7
14.0

Sound Limb
14.0
41.3
12.6

Normal Limb
(per Perry, 1992)
10
40
10

62.6
37.2
1.3
71.3
142.0
11.0
90.5
107.0

67.9
32.0
1.5
68.5
143.4
10.3
85.5
101.0

60
40
na
na
na
na
na
na

Both the paired T-test and the Wilcoxon matched-pairs signed-ranks test found
significant differences, p=.06, between the sound and prosthetic limbs in single limb
stance, percent stance time, and percent swing time. The sound condition’s single limb
stance and percent stance time were longer than that of the prosthetic condition. The
percent swing time was longer in the prosthetic condition. First double support and
second double support times were greater in amputees than in the normal values reported
by Perry (1992, p.6). Gait cycle time, step length, stride length, and step width were not
compared as these parameters are leg length dependent.

CHAPTER FIVE
DISCUSSION
The kinematic and kinetic data from six trans-tibial amputee subjects were
compared to data from a comparison group six adult male non-amputee subjects. The
data for both groups were obtained using the targeting and processing protocols of the
Center for Human Kinetic Studies. Subjects were obtained by a sample of convenience
from the West Michigan area.
Gait parameter data for the amputee subjects in this study were compared to
amputee data and norms cited in the literature.
Hip: Motion, Torque and Power
Analysis of the sagittal plane hip angles during gait for all subject groups in this
study showed a relatively normal pattern of extension during stance phase and flexion
during swing phase. All subject groups demonstrated a total hip range of motion of
approximately 40 degrees, which is consistent with the normal range described by Perry
(1992, p. 112). The sagittal hip angle pattern exhibited by the prosthetic group, however,
showed an increase in the total amount of flexion during the gait cycle and a decrease in
the total amount of extension, compared to the sound and normal groups. These results
were in agreement with Barr et al.’s (1992) findings. Barr stated that the hip joint angle
on the prosthetic side showed an increase in flexion from 0%-20% (initial contact to mid-
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Stance) of the gait cycle, and again after 40% (terminal stance) of the gait cycle. The
prosthetic group in this study displayed relatively more flexion at initial contact and less
hip extension at terminal stance compared to the other subject groups. This increased hip
flexion at initial contact increased the step length on the prosthetic side in an attempt to
keep the body weight on the sound limb longer. The prosthetic hip achieved neutral and
entered extension earlier in mid-stance and achieved less maximum hip extension in
terminal stance. These deviations in amputee hip motion during gait correlated with a
shorter step of the sound limb and decreased single-limb stance time of the prosthetic limb.
The decreased single-limb stance time was evident by the delayed deceleration
peak forces (FI) for the prosthetic limb. Barr et al. (1992) expressed the time elapsed
before reaching peak deceleration as the duration of loading. The increased duration of
loading of the prosthetic limb indicated reluctance to accept body weight on the prosthetic
side.
The maximal acceleration force (F3) peaked earlier in the stance phase for the
prosthetic subjects in this study. Barr et al (1992) described the time elapsed from peak
acceleration to 100% of stance as the duration of unloading and stated that this phase
appeared to be greater for the prosthetic limb than for the sound limb. The findings of the
current study were similar to the results of Barr et al. The earlier unloading of the
prosthetic limb correlated with a shorter step on the sound side and with a decreased
single-limb stance time, again indicating the amputee’s preference to shift body weight to
the sound side. According to Rossi et al. (1995) and Summers et al. (1987), lack of
confidence in the limb, poor balance, decreased proprioceptive feedback, and
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compensations for muscle deficiencies on the prosthetic side contribute to reduced weight
bearing on the prosthetic side.
During the first 2% of the gait cycle, or early loading response, the body weight
moves anterior to the hip joint. Perry (1992, p. 115) reported that an immediate applied
peak hip flexion torque occurs at the onset of limb loading. In this study, a peak hip
flexion torque occurred in early loading response for the normal group and in mid-loading
response for the sound group. Peak hip flexion torque did not occur until late loading
response for the prosthetic group. This delay in peak torque indicated a delay in loading
of the prosthetic limb. Delayed loading of the prosthetic limb contributed to decreased
single limb stance on the prosthetic side, a finding reported fi-equently in the literature
(Goh et al., 1984; Hurley et al., 1990; Robinson et al., 1977) and exhibited in this study.
Goh et al. (1994) reported that the early stance (initial contact through loading response)
of amputees was longer than normal. Rigidity of the prosthetic heel contributed to a
longer loading response time by allowing less than normal plantarflexion motion on the
prosthetic side. The amputee, therefore, took longer to achieve foot-flat, causing a delay
in the shift of the body weight anterior to the hip joint center resulting in a delayed hip
flexion torque peak as compared to normal and sound hips.
The initial power generation at the hip for all subjects was the result of concentric
hip extensor activity at initial contact (Gitter et al., 1991; Ranchos Los Amigos Medical
Center, 1996, p. 18-19; Perry, 1992, p. 115). The magnitude o f the initial power phase of
the prosthetic group in this study was found to be greater than that of the normal group.
The higher peak flexion torque of the hip during loading response along with the faster
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angular velocity towards extension, accounts for the greater initial power generation phase
o f the prosthetic group. This greater initial power phase was consistent with the results
reported by Gitter et al. (1991). According to Gitter et al., the increase in hip extensor
power output was attributed to an increase in gluteus maximus and hamstring activity,
evident on the EMG recordings of the prosthetic limb. This increased hip extensor activity
functioned to assist in the control of knee flexion during limb loading and to assist in
forward progression of the trunk after initial contact. In normal subjects, the effect o f the
hamstrings at the hip is biomechanically reduced beginning at mid-stance because of the
flexed position of the knee along with the extended position of the hip. The prosthetic
group showed decreased knee flexion in mid-stance, thus enabling the hamstrings to have
a greater contribution to the hip extensor power.
Knee: Motion, Torques, and Power
The normal and sound groups in this study demonstrated range of motion patterns
at the knee consistent with normal values reported in the literature (Perry, 1992, p.90;
Ranchos Los Amigos Medical Center, 1996, p. 15). The knee of the normal and sound
limbs were slightly flexed at 8° for initial contact and continued to flex to approximately
21° during loading response.
In contrast, the prosthetic knee was positioned in only 2.6° of flexion at initial
contact and achieved only 11° of flexion during loading response. Studies by Barr et al.
(1992), Goh et al. (1994), and Colbome et al. (1992) agreed with the findings of this
study. According to Perry (1992), failure to flex the knee more than 5 or 10 degrees
resulted in a relatively rigid limb which limited the shock absorption quality o f the limb
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(p.224). Insu£Bcient knee flexion also increased the vertical displacement of the body’s
center o f gravity, therefore increasing the energy cost of gait ^adula & Friedmann, 1991).
In this current study, the magnitude of the vertical ground reaction forces were
lower for the prosthetic limb compared to the normal and sound limbs. This finding
supported the work of Hermodesson, Ekdahl, Persson, and Roxendal (1994). Perry
(1992, p.415) reported that the magnitude o f the first vertical force peak (FI) was reduced
because the loss of a rapid drop of the body center of mass during loading response did
not occur. Normally, the downward acceleration o f the body center of mass adds the
effect of downward acceleration to body weight at F I . The effect of downward
acceleration forces was apparent in the normal group of the current study, as FI was more
than 100% body weight. Since the knee of the prosthetic limb was more extended in
loading response, the rapid drop of body center of mass was prevented, thus lowering the
magnitude of FI in the prosthetic limb. A loss of downward acceleration of the center of
gravity as the body weight moved anteriorly over the foot also contributed to a reduced
second vertical force peak (F3) for the prosthetic limb.
The valley (F2) in the vertical ground reaction force pattern should be accentuated
by the momentum of the contralateral limb in swing (Perry, 1992, p. 415). Since the
sound limb had a decreased percent swing time, the limb was not advanced as fer when
stepping, resulting in less momentum. This caused an increased ground reaction force on
the prosthetic limb at mid-stance when compared to normals.
The magnitude o f the knee flexion torque generated by the prosthetic limb and
delayed compared to the torque generated by the sound and normal limbs. The prosthetic
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limb’s reduced knee flexion torque during stance was postulated to be an effect of
increased co-contraction of the knee extensors during stance. Winter and Sienko (1988)
reported that the knee extensors contract in an attempt to control the flexor torque created
by hyperactive hamstrings, reducing the net knee flexion torque on the prosthetic side.
The knee torque results of this current study are in agreement with Winter and Sienko’s
theory. The decreased knee flexion during stance also positioned the ground reaction
force line closer to the knee joint center, therefore decreasing the magnitude o f the knee
flexion torque.
Prosthetic foot type may also affect peak knee torque. Lehmann et al. (1993), in
their comparison of energy-storing vs. SACH feet, found an inverse correlation between
maximum knee flexion during stance on the prosthetic side and heel compliance. A less
compliant heel on the prosthetic side allowed the foot to rock over the heel longer from
initial contact to loading response, keeping the center of pressure and ground reaction
force line farther behind knee joint center. The moment arm through which the force was
applied was increased, thus the flexion torque was increased. The researchers concluded
that amputees wearing SACH feet would demonstrate higher peak knee flexion torques in
stance than those wearing energy-storing feet. In the current study, the influence of foot
type on the knee torque value was not determined.
The cross over from flexion torque to extension torque occurred later in midstance for the prosthetic limb knee than for the normal and sound limb knees. This lag in
the cross over was due to a delay in the anterior shift of the ground reaction force at the
knee joint. The anterior shift of the ground reaction force on the stance limb is partially a
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result of the forward advancement of the contralateral limb during swing. Amputees
demonstrated an increased initial double-support time which delayed the occurrence of the
initial swing of the sound limb, therefore delaying the shift of ground reaction force
anteriorly.
Winter (1991) identified three phases of power at the knee (Kl, K2, K3). In the
present study, the energy absorption during loading response, K l, was decreased for the
prosthetic limb. K2, energy generation during mid-stance, was absent for the prosthetic
limb. K2 normally occurs as the knee extensors contract concentrically after weight
acceptance. K3, energy absorption during pre-swing, was similar in all three conditions.
Gitter et al. (1991) stated that the reversal of a net extensor torque to a flexor torque
during amputee gait resulted in the loss of Kl and K2. The trends of the current study
found a reduced Kl and an absent K2 in the prosthetic limb knee which supported the
conclusions of Gitter et al.
Ankle: Motion, Torques and Power
Consistent with the research findings of Goh et al. (1994), a significant difference
in the sagittal plane range of motion between the prosthetic “ankle” and the normal ankle
during the gait cycle was observed. A lower than normal total range of motion of the
prosthetic “ankle” reflected a lack of plantarflexion motion inherent in prosthetic feet. An
above normal total range o f sagittal motion was noted for the sound extremity. This was a
compensation by the amputee for the lack of motion on the prosthetic side. The
compensation of an increased plantarflexion of the sound foot in pre-swing helped propel
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the body forward and added momentum to the sound limb in order to decrease the swing
time.
A delay in the occurrence o f plantarflexion between initial contact and loading
response was observed for the prosthetic limb. This was consistent with the literature
(Goh et al., 1994). Since the ankle of the prosthetic foot was rigid, compression o f the
prosthetic heel controlled plantarflexion motion during initial contact. However, the
compression of the heel and subsequent foot motion were not able to replicate the amount
of plantarflexion motion that occurred in the normal ankle.
The greatest variation in sagittal plane ankle kinematics occurred at pre-swing.
Due to the rigidity of the prosthetic ankle and lack of triceps surae muscles, the prosthetic
limb group demonstrated decreased plantarflexion resulting in impaired progression and
transference of weight to the sound extremity. In addition, a decreased step length o f the
sound limb may have contributed to the lack of plantarflexion. A smaller step length of
the sound side decreased the need to lengthen the prosthetic limb at pre-swing, thus
decreasing the need for prosthetic ankle plantarflexion. In contrast, the sound limb ankle
showed an increased plantarflexion at pre-swing to provide the prosthetic limb with a
longer step length and to assist with forward progression.
The initial plantarflexion torque peaked later in loading response for the prosthetic
ankle compared to the sound and normal ankle. This correlated with the vertical ground
reaction force data, which showed a slower weight acceptance onto the prosthetic limb in
an attempt to decrease the single limb stance time of the prosthetic limb. In contrast, the
sound ankle had an earlier plantarflexion peak torque, also correlating with the vertical

70

ground reaction force data, which showed a more rapid weight acceptance during loading
response.
The prosthetic, sound, and normal ankles displayed a pattern of progressive
dorsiflexion torque into terminal stance. Perry (1992, p. 54) reported that dorsiflexion
torque begins as the body vector (center of pressure) passes anterior to the ankle axis.
Winter (1988) reported that the dorsiflexion torque at the ankle builds after initial contact
and reaches a peak at pre-swing. Winter proposed that the purpose of this peak torque is
to lift the foot from the ground during push-off. The prosthetic group in this study
demonstrated a peak dorsiflexion torque of less magnitude than normal, which correlates
with a lack of acceleration force, push-off and plantarflexion.
Winter (1983) defined the power phases at the ankle during gait as Al and A2.
Al referred to the energy stored by the plantarflexors as the tibia rotates over the foot
during mid-stance and terminal stance; A2 referred to the energy released by the
plantarflexors as the foot plantarflexes prior to toe-off. Both major power phases were
present in their normal pattern for all groups in this study. The power generation on the
prosthetic side was, however, significantly less than the generation of the sound and
normal groups. This was consistent with the results of Gitter et al. (1991). The literature
credits the active ankle plantarflexors with the generation of over 80% of the mechanical
power produced during normal gait (Colbume et al., 1992; Winter, 1988). The decreased
power generation in amputees was due to the lack of the triceps surae muscles in the
prosthetic limb.
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W ork

In this study, mechanical efSciency was calculated as the percent ratio of released
energy (positive work) to stored energy (negative work), based on the method outlined by
Goh et al. (1994). In this study there were the marked differences in percent efficiency at
the ankle, knee and hip of the prosthetic limb, compared to the normal subject group. In
normal ambulation, the ankle plantarflexors serve as the main source of energy generation.
During amputee ambulation, the power output of the lower extremity varied considerably
from normal due to a negligible generation of energy during push-off on the prosthetic
side (Gitter et al., 1991; Czemiecki, Gitter & Munro, 1991). The current study also
found that normal subjects had the greatest percent efficiency at the ankle. The prosthetic
subjects showed a reversal of efficiency between the ankle and hip. The hip on the
prosthetic limb had the greatest joint efficiency, while the ankle demonstrated significantly
decreased efficiency. The 475% efficiency of the prosthetic limb hip paralleled the
efficiency of the normal ankle, which averaged 487%. The greater efficiency of the
prosthetic limb hip can be explained as a compensation for the lack of plantarflexor
muscles. The hip compensated for the lack of plantarflexors by generating more energy to
advance the body during the stance phase of the prosthetic limb.
The current study's results supported the findings of Goh et al. (1994). Goh et al.
reported that the efficiency of the Lambda foot (an energy-storing prosthetic foot) was
approximately 40% that of the foot on the sound side. Goh et al. also found that the
efficiency of the sound limb was greater than 100% (109%) because of the additional
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energy output by the muscles. The prosthetic ankle in the current study demonstrated an
efficiency rate 60% that of the ankle on the sound side, which followed the trend outlined
by Goh et al., but with a higher relative efficiency value. Discrepancies between the type
o f foot worn by the subjects and the length of time post-amputation may account for some
o f the differences noted.
Total lower extremity energy generation for the normal and sound limbs exceeded
energy absorption occurring in those limbs. This relationship of energy generation and
absorption was reversed for the prosthetic limb. Total lower extremity energy generation
was less than absorption due to the lack of tricep surae muscles.
G a it Param eters

The amputee gait parameter data obtained in this study were consistent with
amputee parameters from the literature (Goh et al., 1984; Hurley et al., 1990; Robinson et
al., 1977). Values for first double support times for both sound (14.0%) and prosthetic
(14.9%) groups were higher than the normal values (10%) reported by Perry. The
amputee delayed transferring body weight from the sound limb to the prosthetic limb,
which increased the first double support time for the prosthetic limb. This suggested the
amputee tried to minimize the time spent on the prosthetic leg.
The greatest differences between the groups in this study were found with single
limb support time. Both the normal (40%) and the sound (41.3%) limbs’ single limb
support times were greater than the prosthetic limb’s single limb support time, which
averaged 33.7%. The sound limb had the greatest single limb support time due to the
amputee attempting to minimize the length of time spent on the prosthetic limb.
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Perry (1992, p. 6) reported the percent stance time in normal subjects to be 60%
of the gait cycle. Amputee subjects from the current study, when compared to the
normals reported by Perry, demonstrated greater percent stance times for both the sound
(67.9%) and prosthetic limbs (62.6%). The sound limb percent stance time was greater
than that of both the normal and prosthetic limbs because the amputee kept body weight
on the sound limb for as long as possible. The prolonged first double support time of the
prosthetic limb increased the stance time on the prosthetic limb. Since the amputee
delayed transferring body weight from the sound limb to the prosthetic limb, first double
support time was increased, which in turn increased the overall percent stance time for the
prosthetic limb.
L im itations

This study represented the first attempt at establishing a normative kinematic and
kinetic amputee data base using the targeting and processing protocols specific to the
Mary Free Bed Hospital and Rehabilitation Center/Grand Valley State University Center
for Human Kinetic Studies. Limitations of the study include the small sample size which
limited the statistical significance of the results. A random sample of the population was
not represented as subjects were chosen by a sample of convenience from the West
Michigan area only and from a small number o f prosthetists. The amputee population at
large was not accurately represented due to the lack of females participating in the study
and to the disproportionate number of traumatic amputee relative to vascular amputee
subjects.
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The comparison group of normal subjects was not age matched with the amputee
group of subjects. The amputee group contained two subjects over the age of 60, while
the normal group did not have any subjects over the age of 31 years. The extent to which
age affects ambulation in amputees has not been specifically determined, although research
has shown that walking speeds decrease in the elderly amputee population (Torbum et al.
1995).
Although attempts were made to be consistent with target placement, inter-subject
soft tissue mobility, which could not be controlled, likely aftected the accuracy of
placement. This is a limitation inherent in the use of skin targets for motion analysis.
The quasi-static analysis used in this study may have resulted in discrepancies in
the torque data. Quasi-static analysis, unlike ftill dynamic analysis, does not account for
inertia and limb weight. These discrepancies would be more apparent during the first and
last 10% of stance phase as the effects of inertial properties are the greatest at these times.
Im plications F o r F u tu re R esearch

Further research is suggested to expand on the number of subjects participating in
the study. A representative mix of male to female subjects and of traumatic to vascular
amputees, along with a more varied referral group of prosthetists, would allow the results
to be better generalized to the amputee population as a whole. Future research could
utilize the results o f normative amputee gait analyses to investigate the effects of
prosthetic alignment changes and componentry on the amputee gait pattern. Objective
data specific to the trans-tibial amputee population may assist prosthetists and physicians
in meeting individual amputee needs, and planning a more efficient rehabilitation program.
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Im plications A nd Significance F o r Physical T h e ra p y

Results of this study are beneficial not only for the CHKS but also for
rehabilitation practitioners. By using objective gait analysis, specific deficits o f gait can be
identified and addressed early in the rehabilitation process. Early identification of such
deficits and early physical therapy intervention could help prevent the development of
abnormal gait patterns. Also, early development of efBcient gait patterns could maximize
the function of the amputee and minimize the development of secondary impairments. As
a consequence, rehabilitation time may be reduced. Objective gait analysis could also help
identify specific gait problems which may be difficult to pinpoint with visual observation,
allowing for more specific gait training for amputees.
Conclusion
Three-dimensional computerized gait analysis provides accurate and objective
kinematic and kinetic data pertaining to amputee gait. A normative amputee gait database
specific to the protocol of the CHKS was established to better understand the movement
patterns of the trans-tibial amputee and to allow more accurate treatment decisions
regarding amputees.
The purpose of this study was to assess gait patterns and parameters for adults
with unilateral trans-tibial amputation, of vascular or traumatic etiology, who have reached
an endpoint in their gait retraining. The results of this study were consistent with
previously published literature and represent a valid reference system o f normal trans-tibial
amputee gait.
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Appendix A
Inclusion R equirem ents:

Subjects must meet all of the following criteria for inclusion in this study.

*Be at least eighteen years or older.
*Be in good health, with no current respiratory ailments, skin breakdowns or cardiac
restrictions.
*Have had a trans-tibial amputation at least six months prior to testing.
*Have completed a post-amputation rehabilitation program.
*Have used their current prosthesis for at least three months.
*Use their prosthetic device for their primary community mobility.
*Have an established end-point gait pattern as confirmed by a certified prosthetist or
licensed physical therapist.
*Have a certified prosthetist or licensed physical therapist declare the residual stump
free of problems.
*Sign a written consent form, be willing to travel to Grand Rapids, MI and
participate in a 5 hour test without compensation.
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Appendix B
December 29, 1996
Dear,
Thank you for your interest in participating in our Physical Therapy Master's Level
research project. This study is being conducted through Grand Valley State University to
determine the parameters of walking with a prosthesis after an amputation. This information will
be used in the future clinically to determine if someone with an amputation has achieved good
walking patterns, and what we can do to help them achieve this.
Your prosthetist has recommend you as a subject as he/she feels you demonstrate good
walking patterns with your current prosthesis and have successfully completed your
rehabilitation.
We are looking for subjects who are in good physical health, have had their lower
extremity amputation for greater than 6 months, have good walking patterns, and who's residual
limb is free o f problems. If you qualify in each of these areas, you can be included in this study.
On the day of the study, we ask that you come to the Mary Free Bed Human Kinetics
Lab, 2010 Raybrook, Suite 101, in Grand Rapids, just off Burton and East Beltline. A map is
enclosed for your convenience. The study will take approximately 5 hours, and will not involve
any invasive procedures.
Upon your arrival, we will give you an orientation to the lab, have you sign a consent
form, and take a medical history. A physical exam to test your strength, range of motion, and
ambulation will be conducted by a Master's level senior student in physical therapy, and
observed by a licensed physical therapist. We ask that you bring a swimsuit or similar attire so
that we can take accurate measurements and attach our targets to your lower body.
The targets that we use are reflectors that reflect infrared light back to a camera system.
We will also be attaching electrodes to your legs that measure muscle energy only. All of these
will be attached with hypo-allergenic tape or rubber straps.
After you become accustomed to the equipment, you will be asked to wear a back-pack
type transmitter and walk back and forth across an approximately 8 foot area. We will be
collecting data as you walk, and will collect until we get five successful trials on each side.
Basically, this is a brief description of our test. We hope that you will participate in our
study, and thank you in advance for your participation. Please do not hesitate to contact us at
616-954-2318 if you have any questions or concerns.
We look forward to meeting and working with you!
Sincerely,
Kristin Dart, SPT
Marge Vos, SPT
Kevin Carley, SPT
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APPENDIX

C

MARY FREE BED HOSPITAL AND REHABILITATION CENTER
GRAND VALLEY STATE UNIVERSITY
CENTER FOR HUMAN KINETIC STUDIES
G a it C h a r a c t a r i a t i c a o f t h a C h i l d an d A d u lt w i t h a Low er
E x t r e m it y A m p u ta tio n
INFORMED CONSENT

I understand t h a t I am agreeing t o p a r t i c i p a t e in a research
s t u d y d e s i g n e d t o l o o k a t my w a l k i n g p a t t e r n s .
I w i l l allow the
r e s e a r c h e r s t o p l a c e d e t e c t i o n d e v i c e s on my s k i n a n d / o r
p rosth esis.
I understand t h a t a h e a l t h c a r e p r o f e s s i o n a l , such
a s a P h y s i c a l T h e r a p i s t , w i l l a s k q u e s t i o n s a b o u t my p a s t m e d i c a l
c o n d i t i o n and e x a m in e my j o i n t s and m u s c l e s .
I f my m e d i c a l
h i s t o r y and p h y s i c a l e x a m i n a t i o n a r e n o t norm al, I u n d e r s t a n d I
may n o t be a b l e t o p a r t i c i p a t e i n t h i s s t u d y .
I u n d e r s t a n d t h a t d u r i n g t h e t e s t I w i l l be w e a r i n g s h o r t s and a
t o p i n o r d e r t o e x p o s e t h e d e t e c t i o n d e v i c e s which a r e p l a c e d on
my s k i n .
I u n d e r s t a n d t h a t I w i l l be p h o t o g r a p h e d a n d / o r
v i d e o t a p e d a s p a r t o f t h e s t u d y . The C e n t e r For Human K i n e t i c
S t u d i e s (CHKS) w i l l have c u s t o d y o f t h e s e d a t a , b u t t h e y w i l l
o n l y be u s e d f o r tlie p u r p o s e o f a n a l y s i s , e d u c a t i o n a n d / o r
reporting s c i e n t i f i c r e s u l t s .
I u n d e r s t a n d t h a t my r e c o r d w i l l
be kep t c o n f i d e n t i a l , a s e x p l a i n e d t o and u n d e r s t o o d by me.
I u n d e r s t a n d t h a t a l l o f t h e p r o c e d u r e s i n v o l v e d i n t h i s s tu d y ,
w i l l take a p p ro x im a tely 4 hours, are n o n - in v a s iv e (nothing w i l l
p e n e t r a t e my s k i n ) and t h a t t h e r i s k s a s s o c i a t e d w i t h normal
w a l k i n g , su cli a s t r i p p i n g o r f a l l i n g , a r e m i n i m a l .
I understand
t l i a t , i n t h e u n l i k e l y e v e n t o f m inor i n j u r y , f i r s t a i d w i l l be
p r o v i d e d , b u t c o n t i n u e d m e d i c a l c a r e w i l l c o n t i n u e un d er tine
d i r e c t i o n o f my p h y s i c i a n i n a c c o r d a n c e w i t h my own p a r t i c u l a r
f i n a n c i a l arrangem ent.
Tlie b e n e f i t s o f my p a r t i c i p a t i o n i n t h i s s t u d y h ave b een
e x p l a i n e d t o me.
Tliey i n c l u d e a s s i s t i n g t h e CHKS i n g a t h e r i n g
i n f o r m a t i o n on i n d i v i d u a l s w i t h a l o w e r e x t r e m i t y a m p u t a t i o n and
p r o v i d i n g me w i t h d a t a on my w a l k i n g p a t t e r n .
I know t h a t p a r t i c i p a t i o n i n t h i s s t u d y i s s t r i c t l y on a
v o l u n t e e r b a s i s and t h a t I may w it h d r a w my p a r t i c i p a t i o n a t any
tim e.
I u n d e r s t a n d t h a t i n no way wo uld n o n - p a r t i c i p a t i o n o r
w i t h d r a w a l from t h i s s t u d y e f f e c t t r e a t m e n t w h i l e a t Mary Fr ee
Bed H o s p i t a l and R e h a b i l i t a t i o n C e n t e r .
Ther e w i l l be no payment
f o r my p a r t i c i p a t i o n .
I know t h a t any q u e s t i o n s I h a v e ,
p e r t a i n i n g t o t h i s s t u d y , w i l l be a n s w e r e d .
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IF PARTICIPANT IS UNDER THE CARE OF PARENT OR LEGAL GUARDIAN:
The p r o p o s e d r e s e a r c h h as b e e n e x p l a i n e d t o t h e c h i l d and
paren t/gu ard ian .
I h ave h ad t h e o p p o r t u n i t y t o a s k q u e s t i o n s

I h e r e b y a p p r o v e p a r t i c i p a t i o n o f __________________________________
in t h i s study.
S ig n a tu re o f approving p erso n

D ate

Legal P o s i t i o n o f Approving Person
I w ish to r e c e i v e p r o j e c t r e s u l t s
S ign atu re o f approving person

IF PARTICIPANT IS A LEGAL ADULT:
The p r o p o s e d r e s e a r c h has b e e n e x p l a i n e d t o me and I c o n s e n t t o
p a rticip a te.
I h a v e had t h e o p p o r t u n i t y t o a s k q u e s t i o n s .

S ignature o f P a r tic ip a n t

Da te

I w ish to r e c e i v e p r o j e c t r e s u l t s :
Signature of P a r tic ip a n t

INVESTIGATOR (S ) STATEMENT:
I h a v e o f f e r e d an o p p o r t u n i t y f o r f u r t h e r e x p l a n a t i o n o f
research.

Signature o f I n v e s t ig a to r ( s )

Da te

W itness S ig n a tu re

Da te
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Appendix D
MEDICAL mSTORY/QUESTIONNAIRE

Name:
Birthdate:
Age:
Date o f Amputation (Month/Year):
Reason for Amputation:
Medical History
Medical Diagnoses:
Current Medications:
Surgical History:
Childhood illnesses/fractures/hospitalizations:
Do you have a history of any of the following:
-Diabetes
-Coronary problems
-Heart attack
-Cardiac arriiythmia
-High blood pressure
-Arteriosclerosis
-Lung problems
-COPD
-Congestive heart failure
-Peripheral neuropathy
-Arthritis
Vision/Hearing Deficits:
Do you have any phantom sensation ( pain, numbness, tingling) in your residual limb?
Please describe the type of sensation and location:
Have you had any skin breakdown on your residual limb in the past year?
Please describe the extent and location of any skin breakdown.
Have you had any swelling of your residual limb in the past year?
Please describe.
Do any o f the above affect your ability to walk? Please describe.
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Prosthetic History

What type of prosthesis are you currently using?
How many prostheses have you had?
Age of current prosthesis?
What was the length of time you spent learning to use your original prosthesis?
Please describe the rehabilitation process after your amputation. Did you receive physical
therapy on a regular basis following your amputation? For what length of time?
How long did it take you to feel comfortable ambulating with your original prosthesis?
with your current prosthesis?
Are you satisfied with your current prosthesis?
What type of problems, if any, have you had with your current prosthesis?
How often do you use your prosthesis?(daily, less than daily)
How many hours per day do you use your prosthesis?
(total waking hours or less?)
What length of time/distance are you able to ambulate without taking a rest break?
What activities do you feel comfortable performing with your prosthesis?
walking: at home, in the community, on unlevel surfeces (i.e. grass, etc.)
driving
climbing stairs or ramps
leisure activities
other
Do you use an assistive device (crutch, cane, walker) ? If so, when and for which
activities?
What type of shoe do you usually wear?
Have you had any unusual incidents or falls while wearing your prosthesis in the past year?
past month?
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Appendix E
Baseline Amputee Gait Data
Clinical Examination Form
Name_________________________
Date_____
Type o f Prosthesis: Foot _____________ Socket
Liner
Sbank___________
H e i^ t________________ (inches) Weight__________ (lbs)____________(N)
Weight o f Prosthesis______________ (lbs, with shoe on) Type o f Shoe_______
Posture(make comments on spine, pelvis, thigh/tfbial alignment, ankle/foot)

Range of Motion and Strength Measurements
Range o f Motion
Strength
R
L
R
L
HIPS:
Flex (Supine)__________________________
Ext. (prone)
Knee @ 0 __________ ______________
Thomas _____ _____
Abd.
Hips @ 0 __________ ______________
Ober Test _____ _____
Add.
_____ _____
_____
Int. Rot
_____
(Sitting) _____ _____
Ext. Rot
_____
(Sitting) _____ _____
KNEE:
Flex (prone)
Extension _____
SLR

_____
_____

_____
_____

ANKLE:(Sitting, knee at 90)
Dorsiflex
_____ _____

_____

Plantarflex _____
Inversion _____
Eversion
_____

_____
_____
_____

_____
_____
_____

_____

_____

_____
_____
_____
_____

_____
_____

Leg Length
Pelv. Ht.
Pelvic Width_
_____ Pelvic Depth_
_____ Foot Length _
_____ Foot Width _
_____

Comments_______________________________________________________
Exam iner________________
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